Bipolarons (dications), as charge carriers in chiroptically active poly (3,4-ethylenedioxythiophene) (PEDOT*, * = chiral, atropisomer) 
Introduction
Electroactive -conjugated polymers, such as polythiophene, and their derivatives, show electrochromism. [1] [2] [3] The change in color of the electroactive -conjugated polymers are due to the generation of polarons (radical cations) and bipolarons (dications). Doping leads to changes in the effective conjugation length and the charge species of the polymers, resulting in modifications to the chromophores along the main-chain. Electrochemical processes can precisely tune the electronic state of the polymer through electrochemical redox by applying a low voltage. A change in the electronic state of the chirally conjugated polymers also can tune the optical activities. The asymmetric electrochemical polymerization in chiral liquid crystals, developed by the author, produces electro-chiroptically active polymers from achiral monomers as a new type of asymmetric synthesis. [4] Central chirality of molecules with liquid crystallinity can form cholesteric (or chiral nematic, N*) liquid crystals with helical aggregation. The electrochemical polymerization in the cholesteric liquid crystal electrolyte solution progresses with molecular structure transcription of the helical structure of the cholesteric liquid crystal that results in polymers possessing helical structures. The macroscopic structure (fingerprint texture) of the resultant polymer comes from matrix imprinting of the fingerprint texture of the cholesteric liquid crystal. The transcription by matrix imprinting is carried out from the molecular level to the macroscopic level with hierarchical molecular transcription.
The polymers thus prepared in liquid crystals show an electrochemically driven dynamic change in chiroptical activity. We call this effect "electro-chiroptical chromism".
Furthermore, electrochemical polymerization in crystals was carried out in order to obtain crystalline polymers. [5] Organizing environments, such as crystals and liquid crystals, function as reaction matrices possessing a certain order. [6] These polymerizations will be referred to as structure-organizing polymerizations (SOP) by matrix imprinting (MAT-I). SOP produces a 3D organized structure by a bottom-up technique.
To date, optical activities of bipolarons in chiral conjugated polymers have not been examined, although we have described the optical activity of polarons in a helical architecture of chiral conjugated polymers. [7] In this report, the circular dichroism (CD) of doped (electrochemical doping of the electron acceptor, perchlorate ion) and dedoped (electrochemical dedoping of the acceptor) chiroptically active poly(3,4-ethylenedioxythiophene) (PEDOT*, * = chirality), prepared in a cholesteric liquid crystal, in a near-IR (NIR) range was examined. Electrochemical doping of the perchlorate ions removes electrons from the PEDOT* to form a doped state. Therefore, doping is equivalent to oxidation. Experimental Materials 4-n-Hexyl-4'-cyanobiphenyl (abbreviated as 6CB, nematic liquid crystal) (Merck, KGA, Darmstadt, Germany), cholesteryl pelargonate (chiral inducer or chiral dopant) (Tokyo Chemical Industry, Japan), tetrabutyl ammonium perchlorate (TBAP, supporting electrolyte) (Tokyo Chemical Industry, Japan) were used for preparation of cholesteric liquid crystal electrolyte solutions.
Preparation of poly (3,4-ethylenedioxythiphene 
[terEDOT] has been prepared via several routes. [8] [9] [10] In this study, terEDOT as a monomer was synthesized with the Grignard coupling reaction between 3,4-ethylenedioxythiophene
, according to the previously reported method.
[11]
First, bromination of 5,7-dibromo-2,3-dihydro-thieno [3,4-b] [1, 4] dioxine with N-bromosuccinimide (NBS) yielded dibromo-EDOT. [12] Then, the Grignard coupling reaction of EDOT and dibromo-EDOT, with the aid of a Ni(II) catalyst, produced terEDOT as a monomer. A thin film of poly(terEDOT) (abbreviated here as PEDOT*) was prepared by electrochemical polymerization of the terEDOT in a cholesteric liquid crystal solution (Scheme 1), as described below.
The cholesteric liquid crystal electrolyte solution was prepared by addition of TBAP (supporting salt, 1 mg), terEDOT (monomer, 20 mg), and cholesteryl pelargonate (chiral inducer, 20 mg) to 6CB as a solvent. The total weight of the liquid crystal solution was adjusted to be 0.5 g. The electrochemical polymerization was carried out by application of 3 V across a sandwich-type polymerization cell consisting of two indium-tin-oxide (ITO) coated glass electrodes and a Teflon sheet as a spacer charged with the cholesteric liquid crystal electrolyte solution containing monomer (cell gap = 0.2 mm). The PEDOT* was obtained in the form of a film deposited on the ITO glass at the anode side. In this experiment, polymerization was carried out for 5 min at 20 C. Polymerization at this lower temperature produced short helical pitches in the cholesteric liquid crystal electrolyte solution, resulting in the formation of the polymer with intense optical activity and higher crystallinity compared to the sample from our previous attempt (polymerization at 25 C).
[11] As prepared, PEDOT* is the doped state, with perchlorate ions, because the electrochemical polymerization progressed with electrochemical doping. The dedoped state of the PEDOT* (PEDOT) was electrochemically prepared in 0.1 M TBAP/acetonitrile solution with application of -0.8 V vs. the Ag/Ag + reference electrode. [11]
Characterization
The CD spectra of the PEDOT* at short wavelengths were obtained with a Jasco J-720 spectrometer (Japan). The CD spectra of the PEDOT* at long wavelengths were obtained over two ranges, 800-1500 nm and 1500-2000 nm, using a custom Jasco J-730 (Japan). The data in these ranges were combined to show the entire CD spectra. Linear dichroism was checked by the JASCO J-730 and an artifact detection/offset system (JASCO). The scanning electron microscopy (SEM) observations were carried out using a JSM-5610 microscope (JEOL Co. Ltd., Japan). Because the PEDOT* thin films possessed conductivity, observation of the PEDOT* could be performed without Au or carbon coating. The circularly polarized differential interference contrast microscopy (C-DIM) observation was performed using an ECLIPSE LV100 optical microscope with a circularly polarized optical unit (Nikon, Japan).
Results and Discussion
The electrochemical polymerization in the cholesteric liquid crystal yielded a PEDOT* film on a glass electrode coated with ITO. Figure 1 Fig. 2(a) , polarons, Fig. 2(b) , and bipolarons, Fig. 2(c) , of an achiral PEDOT prepared in a common organic solvent, as examples. The structural change to partly quinonoid sequence from benzenoid sequence in the main-chain is reproducible by the redox process. Figure 3 displays the CD spectra of the doped and dedoped PEDOT*. The ellipticity was changed upon doping. The dedoped sample in this study can be considered to be in an intermediate doped state (lightly doped) because the sample had residual perchlorate ions. The dedoped (lightly doped) sample showed a positive signal at short wavelength (517 nm, 2.4 eV) due to its main-chain helical structure, although the CD band due to the helical main-chain was observed at 465 nm for another sample obtained in our previous research. This may be due to the fact that polymerization in a cholesteric liquid crystal at lower temperature improved crystallinity of the resultant PEDOT*. Enhanced molecular packing of the PEDOT* may allow low-energy optical transitions of the main-chain. The positive signal in the CD at 900-1000 nm (1.24 -1.38 eV) is suggested to be due to a polaron band of the dedoped (slightly doped) PEDOT*, Fig. 3, and Fig. 3, inset  (b) . The positive signal in the CD in the NIR range (> 1000 nm, > 1.24 eV, low energy range) is due to generation of bipolarons in the PEDOT*, Fig 3, and Fig. 3 inset (b) . On the other hand, the dedoped (slightly doped) PEDOT* shows a broad negative CD signal in the NIR range at low energy, indicating that the dedoped sample also has bipolarons in the main-chain. The sign of the CD signal of the PEDOT* in the NIR range was inverted upon electrochemical doping. In our previous research, inversion of the sign of the Cotton effect upon doping was observed in the IR-NIR range (< 1000 nm, polaron band).
Bipolarons
[11] The present research indicates that chirality of bipolarons can be tuned with doping level. In this case, the helicity of the main-chain and the chiral aggregation form were changed upon doping-dedoping. In this measurement, the detection gain (sensitivity) of the instrument was turned down (x1/4) because the sample showed intense signals in the CD. The CD signals (ellipticity) in Fig. 3 are normalized values. Models Figure 4 shows a model of the electrochemical dedoping, Fig. 4(a) , and doping, Fig. 4(b) , for the PEDOT*. The direction of the current drives injection and removal of the dopant ions. The electrochemical doping process tunes the color of the PEDOT* through generation of polarons and bipolarons as charge carriers. However, the surface structure, Fig. 4(c) , was apparently unaffected by the redox (doping-dedoping) process.
Because the helical structure of the main-chain can not be directly observed at the molecular level, possible aggregation forms and the main-chain structures of the PEDOT* prepared in the cholesteric liquid crystal are proposed. Neighboring monomer repeat units in the main-chain of a PEDOT prepared by the general method in an isotropic solvent can be pointed in opposite direction because of intramolecular non-covalent interaction between the oxygen and sulfur atoms in the neighboring thiophene units, [13, 14] and steric hindrance of unshared electron pairs on the oxygen (oxygen-oxygen interaction) in the neighboring thiophene units. The role of the nonbonding interaction in aromatic type conjugated polymers has been theoretically studied. [15] In the case of PEDOT, the steric interaction mainly affects the conformation. The PEDOT* synthesized in a cholesteric liquid crystal medium are suggested to form predominantly one-handed main-chain helical structures, helically formed inter-main-chain aggregates, and coil. Here, three possible forms of sequences of the 3,4-ethylenedioxyhiophene (EDOT) unit in the main-chain are considered: EDOT units point in opposite directions and gently twist to form a helical structure, Fig. 5(I) ; EDOT units gently twist in one-handed screw direction, Fig. 5(II) ; three 3,4-ethylene dioxyhiophene (EDOT) units as monomer repeat units (terEDOT) gently twist in one direction to form a helical structure, Fig. 5(III) . The monomer unit consisting of the triple-EDOT functions as one group. In these cases (I-III), the monomer can be pre-oriented in cholesteric liquid crystal along the helical structure of the cholesterics before polymerization. Transcription of the liquid crystal form is carried out in the polymerization. Figure 5 . Possible structure of chiroptically active poly(3,4-dioxythiophene)(PEDOT*) prepared in cholesteric liquid crystal. I) neighboring 3,4-dioxythiophene (EDOT) units point in opposite directions to form helical structure; II) EDOT units point in the same direction and gently twist in one-handed direction; III) Three EDOT units as a monomer repeat unit (terEDOT) gently twist in one-direction to form helical structure.
Four structures of bipolarons in the PEDOT* upon doping are proposed. As shown in Fig. 6(A) , the neighboring EDOT units point in opposite directions in a given molecule to form a planar structure. In this case, the quinonoid sequence shows no optical activity. Two charges exist in the sequence. In addition, as shown in Fig. 6(B) , a form in which EDOT units gently twist in a one-handed direction can be considered. Lastly, a bipolaron form in which the neighboring EDOT units or three-EDOT units (monomer repeat unit) point in opposite directions and gently twist to form helical structures is possible, Figs. 6(C,D) .
The sequence of planar quinonoid structures can twist quite gently in a one-handed direction to form a helical structure of the main-chain as an atropisomer (Fig. 6(B-D) ). The small dihedral angle between neighboring EDOT units can be changed through doping. Quinoid coil continuum can be also plausible. [16] In this case, the coil pitch is tuned by the doping-dedoping. Figure 6 . Possible structure of bipolarons in chiroptically active PEDOT* prepared in cholesteric liquid crystal. A) Planar structure; B) EDOT units gently twist in one-handed direction; C) neighboring 3,4-ethylene dioxythiophene (EDOT) units point oppositely and gently twist to form helical structure; D) three-EDOT units as a monomer repeat unit (terEDOT) gently twist in one direction to form helical structure.
The helical matrix of the cholesteric liquid crystal provides an asymmetric environment for the polymerization to produce helical polymers. The structural chirality is locked in by the insolubility and infusibility of the PEDOT* in the film state. If the PEDOT* were soluble, the chirality of the PEDOT* would be lost after dissolution because the PEDOT* lacks chiral centers and unwinding of the helical structure results in racemization. Elasticity of the insoluble PEDOT* allows intrusion and extrusion of the dopant (intercalation) between the main-chains with maintenance of the structural chirality.
Chiral polythiophenes can form chiral aggregate structures. [17, 18] Formation of a helical aggregate structure is plausible , Fig 7(a) . In this model, only low molecular weight part is referred for simple explanation. The electronic state of the PEDOT* in the neutral form was changed by doping because of the electron acceptor functionality of the dopant: doping produces polarons and bipolarons along the -conjugated main-chain. [19] Previous electron spin resonance (ESR) and optical rotation measurements of a polythiophene demonstrated that the generation of the charged species in the main-chain corresponded to a change in chiroptical activity and magnetic properties (electro-magnetic-chiroptical effect). [7] corresponds to the main-chain. In this case, the rods are low molecular weight fractions to express simple form of the aggregation. In practice, the rod length is very long in the case of high molecular weight fractions. Doping expands the distance between the main-chains by intercalation of the perchlorate ions, Figs. 7(b,c) , but the main-chains may still form helical aggregates. The contribution of the chiral aggregation factor to the entire chiroptical activity of the doped sample should be low. The chirality of the bipolaron state predominantly comes from the main-chain helical structure. The polarons and bipolarons consist of charged quinonoid structures. Certain "sequential units" of the quinonoid structure move along the main-chains as polarons and bipolarons. Here, polarons and bipolarons coexisted in the main-chains. The ratio of polarons/bipolarons is tuned by the doping level. The The fingerprint macroscopic texture of the PEDOT*, produced by the matrix imprinting process, is not a necessary condition for the optical activities. We have previously reported the electro-chemically driven dynamic change in chiroptical activity of polyanilines bearing optically active camphor sulfonic acid groups via ionic bonds. [20] Those polymers showed chiroptical activity without fingerprint textures. That result supports the view that the macroscopic fingerprint texture observable with SEM of the present PEDOT* was not a necessary condition to show chiroptical activities.
Conclusions
This research demonstrates that the PEDOT can form an atropisomer through formation of helical structures produced in cholesteric liquid crystals. A chiral-bipolaron state for the PEDOT* was confirmed through measurements of the NIR-CD, and chiral-bipolaron models were proposed. The chiroptical activity of the PEDOT* is suggested to be derived from its main-chain helicity. A modulation of the main-chain helicity, due to the generation of polarons and bipolarons, results in the electromagnetic-chiroptical effect of the PEDOT*. The macroscopic fingerprint texture observable under SEM is not a necessary condition to show chiroptical activities. However, one-handed main-chain helical structures at the molecular level are required to show chiroptical activities.
